Background: Patients with aneurysmal subarachnoid haemorrhage (SAH) are at risk of cardiac and pulmonary complications. Troponin I (cTnI), a reliable marker of myocardial injury, is frequently raised after SAH. Aims: To investigate the additional value of (cTnI) in predicting cardiac or pulmonary complications and outcome in patients with SAH. Methods: Admission cTnI was measured in a prospective series of patients admitted within 24 hours of SAH. By means of univariate and multivariate logistic regression models the additional prognostic value of raised cTnI (.0.3 mg/litre) was investigated compared with established prognosticators (clinical condition on admission, age, and amount of blood on admission computed tomography) for predicting the occurrence of pulmonary oedema, pulmonary gas exchange abnormalities, rhythm disturbances, inadequate cardiac performance, a combination of these complications, and poor outcome. Area under the operator characteristic curve (AUC-ROC) was used to assess additional prognostic value. Results: Abnormal cTnI concentrations were found on admission in 35 of 68 patients. Abnormal cTnI concentrations and poor clinical condition independently predicted cardiac or pulmonary complications. After extending the model with World Federation of Neurological Surgeons scale and age in addition to abnormal cTnI, the AUC-ROC improved from 0.70 (95% confidence interval (CI), 0.57 to 0.83) to 0.83 (95% CI, 0.72 to 0.93). Abnormal cTnI also independently predicted poor outcome. The additional prognostic value of cTnI for poor outcome is limited. Conclusions: cTnI measurement is a powerful predictor for the occurrence of pulmonary and cardiac complications, but does not carry additional prognostic value for clinical outcome in patients with aneurysmal SAH.
S
ubarachnoid haemorrhage (SAH) from an intracranial aneurysm remains a devastating event. Approximately 30-50% of patients who reach the hospital alive die and another 10-20% remain dependent on help for daily activities. 1 The leading causes of death and disability are the initial or repeated bleedings, and delayed ischaemic events. 2 The initial and repeated bleedings may induce extracranial sequelae, of which cardiac and pulmonary complications are the most frequent. 3 These cardiac and pulmonary complications related to SAH can lead to disturbed oxygenation of the brain, and thereby contribute to poor outcome in these patients. The excessive catecholamine release after SAH is probably the driving force of left ventricular dysfunction of the heart and pulmonary oedema. 4 The severity of the brain injury is strongly related to the occurrence of these cardiac and pulmonary complications. 5 Troponin I (cTnI), a regulatory protein highly specific for cardiac muscle, is a reliable marker of myocardial injury leading to left ventricular dysfunction. 6 A raised cTnI concentration is a marker of poor prognosis in patients with unstable cardiac ischaemia and also in patients with septic shock. 7 8 In recent studies, 30-40% of patients with SAH showed increased concentrations of cTnI on admission. 9 10 Increased cTnI proved to be a highly sensitive and specific marker for cardiac dysfunction in patients with SAH also. 11 12 Despite the direct link between SAH and cardiac injury, as defined by raised cTnI values, it is not clear whether raised cTnI concentrations on admission independently predict secondary cardiac or pulmonary complications and outcome. Therefore, we performed a prospective study on the additional value of cTnI over established prognosticators (clinical condition on admission, age, and amount of extravasated blood) 13 14 in predicting cardiac or pulmonary complications and outcome in patients with SAH.
MATERIAL AND METHODS

Patients
We studied 68 patients with aneurysmal SAH who were treated in the Medical Centre Haaglanden, the Netherlands. All patients with SAH are treated at our intensive care unit for at least two weeks. The diagnosis aneurysmal SAH was based on typical history, a computed tomography (CT) scan showing blood in the basal cisterns and an aneurysm on angiography, or an aneurysmal pattern of haemorrhage on CT in those patients in whom intra-arterial angiography was not performed because of a poor clinical condition from the outset. To be included, patients had to be admitted to the intensive care unit (ICU) within 24 hours after the onset of the haemorrhage. We did not exclude patients with a history of previous cardiac disease. Only one patient with previous stable cardiac disease was included in our study. Patients were monitored in the ICU for two weeks. Three months after SAH onset a follow up visit for all patients was planned. 
Baseline measurements
The neurological condition on admission was assessed by means of the World Federation of Neurological Surgeons (WFNS) scale. 15 WFNS grades I, II, and III were defined as a good neurological condition and WFNS grades IV or V as a poor neurological condition. Because the relation between age and cardiac complications is probably non-linear, we analysed age in tertiles. The risk implications were similar in the second and third tertiles and higher than in the first; therefore, we dichotomised between the first and second tertiles. The amount of cisternal and ventricular blood was scored according to the Hijdra score. 16 The sum scores of blood in the cisterns (range, 0-30) and ventricles (range, 0-12) were dichotomised at their median value. Blood samples were obtained within 24 hours of SAH onset to assess cTnI. Venous blood was collected at our emergency department and repeated later at the ICU. No serial measurements after the first 24 hours were performed for the patients in our study. In general, cTnI is undetectable in normal volunteers. It was measured using an AxSYM random access immunoanalyser (Abbott Laboratories, Maidenhead, Berkshire, UK) The lower limit of detection was 0.3 mg/litre, so that abnormal values were defined as higher than 0.3 mg/litre.
A chest x ray was obtained on admission and repeated every two days during the first two weeks of hospitalisation. These chest x rays were scored by a radiologist, who was blinded to the patient's clinical information and cTnI, as follows: grade 0, no alveolar consolidation; grade 1, little alveolar consolidation; grade 2, severe alveolar consolidation; and grade 3, diffuse bilateral alveolar consolidation. We categorised grades 2 and 3 as the occurrence of pulmonary oedema. For each patient we continuously recorded the following data during the first two weeks of admission: heart rate and rhythm; systolic, diastolic, and mean arterial blood pressure (MAP); fraction of inspired oxygen (FiO 2 ); and partial pressure of oxygen in arterial blood (PaO 2 ). Pulmonary gas exchange was expressed as the PaO 2 /FiO 2 ratio. Comparable to patients with an adult respiratory distress syndrome, 17 a PaO 2 /FiO 2 ratio of ( 200 mm Hg was defined as a severe disturbance of pulmonary gas exchange. The clinical pulmonary infection score (CPIS) was used in the diagnosis of pneumonia. 18 The CPIS is a combination of clinical, radiographical, and microbiological criteria, with a maximum score of 12. Values of 6 or higher are considered diagnostic for pneumonia. Patients with a CPIS score of 6 or higher were excluded from the analysis regarding pulmonary oedema and abnormalities in pulmonary gas exchange. A systemic inflammatory response syndrome (SIRS) was considered present when > 2 of the following conditions were met: temperature of , 36˚C or . 38˚C, heart rate of . 90 beats/minute, respiratory rate of .20 breaths/minute or a PCO 2 , 32 mm Hg, and white blood cell count of , 4 10 9 /litre or . 12 6 10 9 /litre. 19 Cardiac rhythm disturbances (atrial fibrillation or supraventricular tachycardia) in which anti-arrhythmic treatment was needed were recorded. Inadequate cardiac performance was defined as the need for inotropic support to obtain a MAP . 65 mm Hg in the first four days after admission. An admission 12 lead electrocardiogram (ECG) of each patient was analysed by an experienced electrocardiographer, who was blinded to the patient's condition. ST depression greater than 0.1 mV in limb leads or 0.2 mV in precardial leads was defined as an abnormal finding. A T wave was defined as inverted if at least 0.1 mV in depth. T wave abnormalities were assessed in leads I, II, aVL, aVF, and V 2-6 . We defined ischaemic-like ECG abnormalities as the presence of ST depression or T wave inversion, or both, in at least two leads. All patients received standard intensive care treatment, which included administration of oral nimodipine, an anticonvulsant agent, and intravenous fluids to maintain normovolaemia. In case of hypotension, the nimodipine dose was reduced or even postponed before inotropic support was started. For the prevention of ventilator associated pneumonia, all mechanically ventilated patients received selective decontamination of the digestive tract. 20 Surveillance cultures were taken on admission and subsequently every other day of the oropharynx, trachea, and rectum. Two blood cultures were drawn if the rectal temperature exceeded 38.5˚C.
Definition of outcome events
The predefined outcomes were the occurrence of secondary cardiac or pulmonary complications and poor clinical outcome.
A cardiac or pulmonary complication was defined as the occurrence of at least one of the aforementioned complications (pulmonary oedema, abnormalities in pulmonary gas exchange, rhythm disturbances, or an inadequate cardiac performance).
Poor outcome was defined as a modified Rankin scale score of 4 or 5 (that is, dependent on activities in daily life) or death three months after onset. 
21
Data analysis
We related the occurrence of a cardiac or pulmonary complication to baseline characteristics (WFNS, amount of blood on baseline CT, and age) and to an abnormal cTnI in univariate and multivariate analyses by means of logistic regression models, yielding crude odds ratios. In the multivariate analysis, we developed a model with forward selection based on the baseline characteristics, with a corresponding p value of , 0.10 in the univariate analysis. We extended this model with data on cTnI. We evaluated the discriminatory power of the models with the area under the curve (AUC) of the corresponding receiver operator characteristic curve (ROC). 22 An AUC can range from 0.50 (no discriminatory power) to 1.0 (perfect prediction). We categorised cTnI values in tertiles to assess a possible ''dose response'' effect of the cTnI values and the occurrence of a cardiac or pulmonary complication. A similar strategy was used for the analysis of poor outcome after three months. A secondary analysis for poor outcome and secondary complications was performed with the 58 consecutive patients (10 non-consecutive patients excluded).
RESULTS
A raised cTnI concentration (range, 0.3-85.2 mg/litre) was found in 35 of the 68 patients on admission to the ICU. Table 1 provides the clinical characteristics of the patients. Signs of cardiac ischaemia on ECG (presence of ST depression or T wave inversion, or both, in at least two leads) occurred in six of 30 patients without abnormal cTnI and 17 of 33 with abnormal cTnI. In five patients the admission ECG could no longer be retrieved.
Cardiac and pulmonary complications
An abnormal cTnI was found on admission in 16 of the 19 patients with pulmonary oedema, 20 of 25 patients with a disturbance of pulmonary gas exchange, nine of 11 patients with rhythm disturbances, and 13 of 17 patients with inadequate cardiac performance. SIRS was present in 56 patients, including all 17 patients with inadequate cardiac performance. In the patients with inadequate cardiac performance, no pulmonary infiltrate was detected on the chest x ray. In eight of these patients, blood cultures were set up and were positive in two patients. Both blood cultures yielded coagulase negative staphylococci. In 24 of the remaining 29 patients with SIRS blood cultures were set up; in four patients these were positive for coagulase negative staphylococci.
A cardiac or pulmonary complication was seen in 10 of 33 patients with an undetectable cTnI and in 29 of 35 patients with a raised cTnI. Two patients were excluded from the analysis regarding pulmonary oedema because of pneumonia. In four patients, pulmonary infiltrates were noted on chest x rays during their stay in the ICU. These patients had no clinical signs of pneumonia and no potential pathogen was cultured from tracheal secretions or blood (CPIS score was below 6 in all four patients). These patients were included in the analysis; an additional analysis without these four patients yielded similar results.
An abnormal cTnI and a WFNS score > 4 on admission predicted the occurrence of cardiac or pulmonary complications in univariate analysis (table 2). We did not find an increasing risk for complications with increasing concentrations of cTnI. Patients in the highest tertile of cTnI values (3.3-85.2 mg/litre) had a similar risk increase of cardiopulmonary complications (odds ratio, 11.5; 95% confidence interval (CI), 3.0 to 44) as those in the middle tertile (odds ratio, 14.1; 95% CI, 2.6 to 76), both in comparison with the lowest tertile. In the model with established baseline characteristics, the WFNS score and age were retained in multivariate modelling (corresponding p value was , 0.10 in univariate analysis). Upon extension of this basic model with abnormal cTnI, this last variable and age . 51 years remained in the model. This result shows that cTnI is an independent prognosticator for cardiopulmonary complica- 
Poor outcome
In the univariate analysis, both an abnormal cTnI and all established baseline characteristics were strong predictors of poor outcome (table 4 ). An abnormal cTnI was an independent prognosticator for poor outcome in the multivariate model. The AUC of the ROC did not improve with extension of an abnormal cTnI (0.89; 95% CI, 0.81 to 0.97) to the model based on these established baseline characteristics (0.86; 95% CI, 0.77 to 0.95). We did not find an increasing risk for poor outcome with increasing tertiles of cTnI. Secondary analyses for poor outcome with the 58 consecutive patients (10 nonconsecutive patients excluded) produced similar results (AUC of the ROC did not improve with extension of an abnormal cTnI (0.90; 95% CI, 0.82 to 0.98) to the model based on the established characteristics (0.88; 95% CI, 0.79 to 0.97)).
DISCUSSION
An abnormal cTnI concentration is a powerful predictor for the occurrence of pulmonary and cardiac complications in patients with aneurysmal SAH. In our series, we found a high frequency of pulmonary oedema, disturbances of pulmonary gas exchange, rhythm disturbances, and an inadequate cardiac performance. Abnormal cTnI was significantly related to all these complications. A raised cTnI was also an independent prognosticator for the occurrence of a poor outcome. However, the additional prognostic information of cTnI for poor outcome is limited. The severity of brain injury is the leading cause of a poor outcome, 2 and pulmonary and cardiac complications are less important factors for the eventual outcome. The minor importance of pulmonary and cardiac complications for eventual outcome probably explains why a factor that predicts the occurrence of these complications does not have additional prognostic value for the eventual outcome.
In contrast to previous studies, we assessed the additional prognostic value of cTnI to established prognosticators for pulmonary and cardiac complications, and for clinical outcome. The proportion of patients with a raised troponin value in our patient group is larger than in other recent studies. This larger proportion is probably explained by the large fraction of patients with a poor clinical condition on admission, the short interval between onset of SAH and blood sampling, and the large proportion of women in our study. Female sex and shorter time from SAH onset have been associated with higher concentrations of cTnI. 9 A possible limitation of our relatively small study is that some patients were not included consecutively. We included these patients at random. An additional analysis without these patients yielded similar results; therefore, we do not think that the inclusion of these patients has biased our results to any great extent.
The release of catecholamines is linked to myocardial necrosis and increases in cardiac enzymes. 23 24 The cTnI enzyme is a specific and highly sensitive marker of cardiac injury. The release of catecholamines can also cause pulmonary oedema by means of increasing transmural pulmonary vascular pressures caused by a combination of a and b adrenoceptor activation, and cardiac injury. 5 25 These complications are responsible for hypotension and hypoxia, two important secondary sequelae that influence outcome after acute brain injury. Although four patients might have been misclassified as having pulmonary oedema and not pneumonia, this did not influence the relation between abnormal cTnI and pulmonary oedema. In addition, it can be argued that a decrease in MAP was related to nimodipine, a potent vasodilator, especially when give intravenously. This seems unlikely in our patients who received only oral nimodipine. Oral nimodipine has been shown to decrease MAP in a minority of patients compared with intravenous administration. 26 Finally, the possibility of septic shock and not cTnI being related to a decrease in MAP should be considered. Coagulase negative staphylococci were cultured in two of 17 patients with inadequate performance and in four patients who did not require inotropic support. Despite the fact that coagulase negative staphylococci pose a lower risk of causing septic shock than other organisms in the ICU, an effect on MAP cannot be excluded entirely. 27 We found three other studies that mentioned an effect on outcome of cTnI in patients with SAH. In a study of 47 patients (eight with increased cTnI), a worse clinical outcome was suggested in patients with a raised cTnI, but the results were not significant. 28 In another study comprising 43 patients, a worse clinical outcome (death or discharge to nursing home) was seen in patients with a raised cTnI (relative risk, 1.8; 95% CI, 0.7 to 4.8) but the results were not significant. 12 A recent study mentioned a strong association between cTnI and outcome in univariate analysis (relative risk, 2.4; 95% CI, 1.7 to 3.4). 10 All these results are compatible with our findings in univariate analysis that there is a marked effect of cTnI on outcome. However, none of the other studies investigated its additional prognostic value with regard to poor outcome; it proved to be absent in our study. We found no other studies investigating the additional effect of an abnormal cTnI on the occurrence of cardiac and pulmonary complications.
We defined a cTnI value above 0.3 mg/litre as abnormal. Other investigators have shown that even minimum peak values (just above detectable value) of troponin can reflect serious cardiac dysfunction. 29 The severe cardiac dysfunction associated with only small concentrations of cTnI probably explains the lack of a dose dependent effect of an increased concentration of cTnI.
In conclusion, a raised concentration of cTnI is an independent predictor of secondary cardiac and pulmonary complications after SAH. Therefore, cTnI can be used as a marker to identify patients who are at risk of developing cardiopulmonary complications. These patients need special attention for haemodynamic complications and could benefit from early invasive haemodynamic monitoring to guide fluid treatment and inotropic support. Further studies are needed to assess the effectiveness of early invasive monitoring in patients with raised cTnI concentrations on admission. 
